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Reduction of forest regeneration due to overbrowsing by white-tailed deer is a growing concern for land
managers. Abundant deer can impede forest regeneration through direct predation on tree seedlings.
Additionally high deer density can facilitate the establishment of a dense understory of browse tolerant plant
species that shades seedlings and persists even in the absence of deer. In response to these challenges, land
managers have sought to reduce deer herds to restore tree regeneration, but few studies have evaluated the
effectiveness of this management. Our study took place in Catoctin Mountain Park, a US National Park Service
unit with a history of high deer density. The park has been heavily invaded by Microstegium vimineum, an
invasive grass that can completely cover the forest floor. Using permanent plots established prior to the start of
deer management, we were able to assess the joint effects of deer culling and M. vimineum on tree seedling
density. We found that tree seedling density increased in response to deer reductions. M. vimineum cover initially
increased, but then decreased. Seedling densities were higher in plots with more M. vimineum cover, indicating
that it did not form a recalcitrant understory that would suppress regeneration. However, eight years after deer
management began, few tree seedlings were > 30 cm tall, implying that it will be many years before they grow
into the sapling stage. Our results indicate that deer culling can be an effective tool in restoring tree regeneration
despite the presence of M. vimineum, but that success will require a long-term commitment.

1. Introduction
White-tailed deer (Odocoileus virginianus Zimm.) are keystone herbivores of eastern deciduous forests of North America (McShea and Rappole,
1992; Waller and Alverson, 1997; Rooney, 2001; Rooney and Waller,
2003). In this region, the historic deer population density has been estimated at 4 deer/km2 or less (McCabe and McCabe, 1984; Alverson et al.,
1988; McCabe and McCabe, 1997). The end of commercial hunting,
conversion of forested habitat to agriculture, elimination of predators, and
regulation of sport hunting led to an increased deer population density,
with recent measurements ranging from 10/km2 to > 60/km2 (e.g.
Whitney, 1990; Diefenbach et al., 1997; Russell et al., 2001; Horsley et al.,
2003). Extensive research has examined the effects of high deer density.
Unsurprisingly, dense deer populations have been shown to influence
nearly every aspect of forest understory vegetation and wildlife (see reviews by Alverson et al., 1988; Waller and Alverson, 1997; Russell et al.,
2001; Rooney and Waller, 2003; Webster et al., 2018).
One of the most well documented consequences of high deer density
is a reduction in tree regeneration due to heavy browse pressure. Studies
that have followed the fate of individual marked seedlings (Boerner and
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Brinkman, 1996; Stange and Shea, 1998; Rossell et al., 2005; Tremblay
et al., 2007; Aronson and Handel, 2011) have shown that seedlings exposed to high deer densities have elevated mortality rates. Other studies
have established enclosures stocked with a range of deer densities
(Tilghman, 1989; Horsley et al., 2003; Tremblay et al., 2006, 2007;
Nuttle et al., 2011, 2014). These have demonstrated that at higher deer
densities (> 8–15 deer/km2) regeneration of woody plant species is
sharply curtailed, although regeneration of species which are unpalatable
to deer is either unaffected or enhanced. Still other studies have compared woody species regeneration between locations with differing deer
density (Frelich and Lorimer, 1985; Waller and Alverson, 1997; Rooney
et al., 2000, 2002; Rooney and Waller, 2003; Matonis et al., 2011),
compared easily accessible vs naturally inaccessible sites (Carson et al.,
2005) or revisited locations one or more times (Whitney, 1984; Tremblay
et al., 2005). While details differ, all of these studies demonstrate that
when deer densities are high, generally > 8.5 deer/km2 (Russell et al.,
2001), there is a significant reduction in tree regeneration.
Given that deer browse impacts are commonly observed across
eastern North America, land managers need to determine how best to
respond (McWilliams et al., 2018). Numerous studies have documented
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the effects of erecting deer exclosures in forests that are experiencing
reduced tree regeneration due to heavy deer browse. In general, excluding deer can increase the density and diversity of tree seedlings and
saplings (e.g. Anderson and Loucks, 1979; Marquis, 1974, 1981;
Horsley and Marquis, 1983; Long et al., 2007; Rossell et al., 2007;
Bourg et al., 2017, and many others, see review by Russell et al., 2001).
These studies suggest that reducing deer density may allow tree regeneration to recover.
One means of reducing deer density is to increase mortality through
hunting or culling. Royo et al. (2010) studied changes in understory
vegetation over seven years in a northern Pennsylvania forest where
hunting permits were increased in order to reduce deer densities. Although they did not track tree seedling density, they did show that as
deer density declined from 10.4/km2 to 4.9/km2 over 6 years, there was
reduced browse on seedlings and increases in populations of palatable
understory plants. De la Cretaz and Kelty (2002) studied vegetation in a
Massachusetts forest three years after deer density was reduced from 15
to 23/km2 to 1–3/km2. Prior to hunting, tree regeneration was poor,
but after deer reduction, seedling densities were markedly higher, except for areas where hay-scented fern (Dennstaedtia punctilobula
(Michx.)T. Moore) dominated the understory.
While culling seems like a promising solution, several researchers
have noted potential complications that may reduce its effectiveness.
Russell et al. (2001) point out that deer exclosure studies inevitably
compare ambient deer densities with a complete absence of deer. Deer
management, however, will result in an intermediate deer density that
may not allow the same vegetation response. Even in exclosures, some
studies have shown little vegetation response. Webster et al. (2018)
argue that a lack of tree regeneration may not be due to deer alone, but
rather the result of multiple interacting stressors. Disturbed forests
develop a thick “recalcitrant” understory layer that shades seedlings
and impedes forest regeneration (Royo and Carson, 2006). Forests with
high deer densities can form recalcitrant understories, such as a thick
layer of hay-scented ferns. Exclosure studies have demonstrated that
this layer can persist and prevent seedling establishment, even in the
absence of deer (Horsley and Marquis, 1983; de la Cretaz and Kelty,
2002; Horsley et al., 2003; Royo and Carson, 2006; Nuttle et al., 2014).
These recalcitrant understories with little tree regeneration may form
an alternative stable state (Stromayer and Warren, 1997) that will require additional management beyond deer reduction (Horsley et al.,
2003; Nuttle et al., 2014). Even if there is not a recalcitrant understory,
deer removal may not lead to a complete recovery. As Coomes et al.
(2003) point out, reduction in deer density may lead deer to focus on
more palatable plants, putting them at a disadvantage compared to less
palatable species.

entirely clear. Webster et al. (2008) studied tree seedlings in exclosures
and controls in Great Smoky Mountains National Park, Tennessee, that
had been invaded by M. vimineum. They found that exclosures with M.
vimineum did not initially have a greater woody plant cover or diversity
than controls, which indicated that M. vimineum could form a recalcitrant understory layer. However, once drought reduced M. vimineum cover, woody species were able to breach the recalcitrant layer
and their cover and diversity increased. Aronson and Handel (2011)
found that both deer and M. vimineum reduced seedling growth and
survival, but there was no interaction effect between the two stressors.
Johnson et al. (2015) demonstrated that removal of M. vimineum had a
positive effect on seedling survival rates and biomass, and that effect on
biomass was greater in deer exclosures.
1.2. Deer management at Catoctin Mountain park
Catoctin Mountain Park near Thurmont Maryland is a ~2500 ha
unit of the US National Park Service that was first established in 1936.
The vegetation in the park is almost entirely second growth eastern
deciduous forest (Thomas et al., 2013). It is likely that there were no
white-tailed deer living in the park in the 1930s. By the 1980s, however, deer were so numerous that park’s staff became concerned about
the effect they were having on the native vegetation. After a number of
studies were conducted, including estimating the deer population and
documenting impacts on tree regeneration using exclosures, the park
decided to engage in deer management using annual culling (see
National Park Service, 2008 for full details of this decision).
As part of the planning process, National Park Service staff developed a number of objectives for the deer management program. These
include: 1) “Reduce adverse effects of deer browsing pressure to ensure
tree regeneration sufficient to reach the desired condition of a sustainable eastern hardwood forest with a native and diverse forest
structure”; 2) “Maintain, restore and promote a mix of native herbaceous plant species and reduce the competitive advantage of invasive
exotic plant species through effective deer management”; and 3)
“Maintain a viable white-tailed deer population within the park while
protecting other park resources” (National Park Service, 2008).
Deer culling began in February of 2010, and takes place annually in
the late fall and winter months. Culling occurs at bait stations placed
where there are safe shooting conditions that maximize public safety.
These stations include locations both close to and far from roads. Culling
is carried out by trained sharpshooters who work during the night to
minimize impacts to the public. Based on the work of Horsley et al.
(2003), the park adopted 5.9–8 deer/km2 as a deer density that meets the
goal of a viable white-tailed deer population consistent with other park
resources, particularly tree regeneration (NPS, 2008). Since 2000, deer
densities have been tracked using distance sampling methods on data
collected by annual spotlight surveys along park roads (Bates, 2006).
These surveys help set targets for the annual cull and take place before
culling begins. This method was evaluated at Catoctin to determine if
collecting data along the roads was biasing the results (McShea et al.,
2011), and no evidence of bias was found. Based on the spotlight survey
data, deer populations have declined considerably since deer culling
began and currently meet the target density (Bates, 2009, Bates, 2017,
Thomas et al., 2013, Fig. 1). Independent of the spotlight sampling,
camera trapping was conducted in 2012 and 2013 (Parsons et al., 2017).
Based on the camera traps, the density of male deer in the park in each
year was 2.49 and 1.65 male deer/km2 respectively. Using the ratio of
adult males to the rest of the population, the authors estimated that total
deer density in the park was approximately 12.4 deer/km in 2012 and
8.2 deer/km in 2013. The 2013 camera trap estimate is slightly lower
than the estimate based on distance sampling.
Estimating deer density from roads has been criticized as densities
may be different in areas far from roads and distance sampling may not
fully account for issues of detectability (e.g. Collier et al., 2013; Beaver
et al., 2014; Keever et al., 2017 but see Haus et al., 2019 for an

1.1. Interactions between deer and Microstegium vimineum
Microstegium vimineum Tin. A. Camus is widespread and aggressive
invader of eastern deciduous forests (Huebner, 2010; Brewer, 2011;
Flory et al., 2011). There has been considerable concern that interactions between deer and M. vimineum can reduce forest tree regeneration
more than either can alone and thereby fundamentally change forest
ecosystems (Baiser et al., 2008; Johnson et al., 2015). Evidence indicates that high deer densities can facilitate invasion by M. vimineum.
A deer exclosure study by Knight et al. (2009) showed that M. vimineum
was absent in deer exclosure plots but present in control plots accessible
to deer. They speculate that its spread is facilitated either due to deer
avoiding it but grazing on its competitors, and/or that deer disturb the
leaf litter which provides opportunities for M. vimineum to become established (Oswalt and Oswalt, 2007). Similarly Bourg et al. (2017)
found M. vimineum cover was reduced in deer exclosures.
When M. vimineum forms dense stands, it has been shown to reduce
the density, growth and diversity of native tree seedlings (Oswalt et al.,
2007; Aronson and Handel, 2011; Brewer, 2011). The effects of the
three way interaction between deer, seedlings, and M. vimineum are not
2
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Fig. 1. Estimated white-tailed deer density and 95% confidence intervals based on spotlight sampling at Catoctin Mountain Park.

presence and identity of climbing vines on the trees, evidence of pests or
diseases, and a variety of indicators of tree condition such as the presence
of advanced decay, exposed roots, and bark damage. Saplings, defined as
woody stems at least 1 and less than 10 cm DBH, and shrubs are monitored within three 3 m radius circular microplots located within the
main plot. Within each plot, twelve 1 m2 quadrats are sampled for both
tree seedlings and M. vimineum. Each tree seedling > 15 cm tall and less
than 1 cm DBH is monitored and its species identification and height are
recorded. M. vimineum cover is visually estimated to the nearest percent
by field crews. Additional measurements taken from the quadrats include
the percent cover of: rocks, coarse woody debris, living tree trunks, and
other understory species. For a full description of the monitoring protocol
see Schmit et al. (2014).
Plots were randomly assigned to one of four sampling panels, and
one panel is monitored every year on a rotating basis. After data has
been collected from all four panels, the monitoring cycle repeats, so
each plot is monitored once every four years. The first four-year monitoring cycle took place from 2006 to 2009, entirely before deer management began. Since the start of deer management, two more monitoring cycles (2010–2013 and 2014–2017) have been completed.
The data is available from the National Park Service Data Store at:
https://irma.nps.gov/DataStore/Reference/Profile/2267043.

empirical comparison of methods). A variety of other density estimation
methods have been proposed to address some of these criticisms, including capture-recapture using DNA (Goode et al., 2014, camera trap
methods (Keever et al., 2017; Parsons et al., 2017), areal infrared surveys (Beaver et al., 2014), road-based infrared surveys (Haus et al.,
2019) and dung transects (Marques et al., 2001), and moving forward,
there may be opportunities to refine deer density estimates at Catoctin
using one or more of these methods. None-the-less, we are confident
that the steep decline in estimated deer density from 2010 onward
demonstrates the that culling reduced deer density in the park, even if
the spotlight sampling estimates are subject to bias or imprecision.
Given the success in reducing deer density, it is important to determine if the park has been equally successful in increasing tree regeneration, and what impact deer management has had on exotic
plants. The most common exotic plant in Catoctin, in the sense of being
both widely distributed and having a high percent cover, is
Microstegium vimineum (Japanese stiltgrass, Schmit et al., 2012a). This
species is found throughout much of the park and often forms dense
stands. The spread of this species throughout the park is concerning as
it has the potential to curtail the benefits of deer management.
In this paper, we use data from a forest-vegetation monitoring program to track the effects of deer culling on native tree seedlings and on
M. vimineum. In particular, we ask three questions 1) Has the deer culling
led to an increase in native tree seedling density? 2) Does M. vimineum
form a recalcitrant understory layer that impedes tree seedlings? 3) Can
dense M. vimineum cover persist in the absence of high deer densities?

2.2. Statistical methods
To determine seedling densities and percent cover of Microstegium
within individual sampling cycles, data from all plots was used to calculate the mean. To determine trends over time, we analyzed the data
using generalized linear mixed models in a Bayesian framework. Each
plot at each monitoring cycle was used as a replicate (n = 147). The
number of seedlings on each plot was a response variable and was
calculated as the total number of seedlings found on the twelve quadrats. M. vimineum cover of each plot was either used as a predictor or a
response variable, depending on the model (see below). M. vimineum
cover of a plot was the mean cover of the 12 quadrats. For statistical
modeling, this value was expressed as a proportion (0–1) rather than a
percent. As individual plots were sampled only once every four years,
we used the monitoring cycle number (1–3) as our measure of time. To
account for the repeat sampling of the plots, plot identity was used a
random effect in all models.

2. Methods
2.1. Field methods
In 2006, the National Capital Region Inventory and Monitoring
Network, a program of the National Park Service, began a forest vegetation-monitoring program at Catoctin Mountain Park. Forty-nine
permanent monitoring plots were randomly located in wooded areas of
the park using a generalized random tessellation stratified sampling
procedure (Stevens and Olsen, 2004).
Each plot consists of a 15 m radius circle. With the plot, all trees
≥10 cm diameter at breast height (DBH) are tagged and identified. A
variety of information is collected about each tree including DBH,
3
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To assess the effect of culling and M. vimineum on seedling density, we
fit a generalized mixed model with a Poisson error structure. Number of
seedlings was the response variable and the fixed effects were sampling
cycle and M. vimineum cover. Sampling cycle was treated as a numeric
variable. Some quadrats had living trees, rocky outcrops or coarse woody
debris covering part of the forest floor and preventing seedling growth. We
were concerned that this effect could mask any effect of M. vimineum, as
plots with large obstructed areas would be expected to have few seedlings
regardless of any other factor. To account for this, the log of the area
sampled from each plot, in m2, that was free of such obstructions was included as an offset term. Offset terms are frequently used in generalized
linear models to account for differences in area sampled (Kéry, 2010).
The model was analyzed using rjags 4–7 (Plummer, 2018), for R
3.5.1 (R Core Team, 2018). Uninformative priors for the intercept and
two regression coefficients were modeled as normal distributions. For
each of these priors the mean was modeled as a normal distribution
with mean of 0 and tau (=1/variance) of 0.001. For each prior, tau was
modeled as a uniform distribution between 0 and 10. The model ran
with 3 chains, 1000 iterations for adaption, a 25,000-iteration burn-in
period and 800,000 post burn-in iterations. In order to keep chain sizes
manageable, chains were thinned to keep only every 50th iteration.
To assess the effect of culling on M. vimineum, we fit a zero inflated
beta distribution using the zoib 1.5.1 package (Liu and Kong, 2018) for R.
M. vimineum cover was the response variable and sampling cycle was a
fixed effect. M. vimineum density appeared to increase and then decrease
over time, so cycle was treated as a categorical rather than a numerical
variable. As M. vimineum cover can extend over rocks and other obstructions we did not use an offset term with this model. Initial analysis indicated that the shape of the beta distribution and the proportion of plots
with no M. vimineum did not change over time, so these were modeled
using intercepts only. The model was run with 3 chains, a 25,000-iteration
burn-in, 150,000 post burn-in iterations, and thinning set to 5. All other
options to the zoib() function were left at the default settings.
For both models, convergence was checked by verifying that the
Gelman-Rubin convergence diagnostic was less than 1.05 (Gelman and
Rubin, 1992). Chains were plotted to verify adequate mixing. All
models were run with sufficient iterations to ensure an effective samples size > 10,000 (Kruschke, 2015). Statistical significance of terms
was assessed using their highest probability density intervals (HPDIs).

Fig. 2. Number of seedlings/ha at Catoctin by sampling cycle. Filled circles
indicate mean values, and lines indicate bootstrap 95% confidence intervals.
Open circles are data from individual plots. Note the logarithmic scale of the yaxis. During each cycle, 49 plots were monitored, but many had identical
numbers of seedlings, resulting in fewer points on the graph.

3. Results
Based on the raw data, seedling density in the park increased approximately 11 fold from the first to the third cycles (Fig. 2).
Prior to culling, there were few seedlings of any height, and all
seedlings > 45 cm tall were exotic (Fig. 3). During the first four years of
culling, there was a dramatic increase in native seedlings < 30 cm tall.
In the third cycle, there was a continued increase in small seedlings as
well as a modest increase in seedlings 30–60 cm tall.
Seedlings represented both overstory (Acer, Betula, Carya, Fagus,
Quercus, etc.) and understory (Aralia, Asimina, and Sassafras) tree species
(Fig. 4). However, after culling began, the majority of seedlings were
members of the overstory genus Fraxinus, almost entirely Fraxinus americana
L. Exotic species (Ailanthus altissima (Mill.) Swingle, and Prunus avium (L.) L.)
made up a small percentage of the seedlings after the first sampling cycle.
The model of seedling density (Table 1) indicated that both time and
cover of M. vimineum had significant effects. As expected, seedling density
increased over time. The coefficient on cycle was 0.84 (HPDI: 0.52–1.15)
indicating a 2.3 fold increase (HPDI: 1.7–3.2) per four year cycle.
M. vimineum cover also had a positive effect on seedling density. The
coefficient on M. vimineum cover was 0.035 (HPDI: 0.009–0.059) indicating a 1.04 fold increase (HPDI: 1.01–1.06) for every additional
percent of cover. The HPDIs for each of these coefficients does not include zero.
Fig. 5 summarizes the joint impact of these two factors. The effect
on seedling density of small changes in M. vimineum cover is negligible,

Fig. 3. Histogram of seedling height by nativity and sampling cycle. Data are
pooled across all 49 plots.

but the difference between uninvaded and heavily invaded sites is
considerable. Plots monitored in Cycle 3 with high M. vimineum cover
had markedly higher seedling density than plots with low cover in the
first cycle. M. vimineum cover was typically less than 50%, but occasionally reached over 75%.
M. vimineum cover showed considerable variation across the park
(Fig. 6), ranging from 0 to 80% cover. During Cycle 1, mean cover was
approximately 12%. This increased to 17% during Cycle 2, before
dropping to 11% during Cycle 3.
The model indicates that there were significant differences in M.
vimineum cover between cycles (Table 2). The β coefficient for the mean
of Cycle 2 was estimated as 0.57, with HPDI of 0.17–0.96. As this
coefficient was greater than and did not overlap 0, this indicates an
increase of M. vimineum cover compared to the pre-cull data. There was
no evidence that the β coefficient of Cycle 3 (HPDI −0.60 to 0.23, mean
4
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Fig. 6. Percent cover of M. vimineum per plot at Catoctin, by sampling cycle.
Filled circles indicate mean values and lines indicate bootstrap 95% confidence
intervals. Open circles are data from individual plots. During each cycle, 49
plots were monitored, but some may have had similar cover resulting in fewer
points on the graph.

Fig. 4. Seedling type by sampling cycle. Data are pooled across all 49 plots.
Table 1
Seedling count per plot model coefficients (β). Mean – estimated value, 95% CI
– credible interval defined as the 95% highest probability density interval.
Coefficient

Estimate

95% CI

Gelman-Rubin diagnostic

Intercept
βCycle
βMicrostegium

−2.88
0.84
0.035

−3.69 to −2.09
0.52–1.15
0.009–0.59

1.00
1.00
1.00

Table 2
Microstegium vimineum cover per plot beta regression model coefficients
(Inetercept, β), shape parameter of the beta distribution (Shape), probability
that a plot has no M. vimineum (P0) and error term (σ) Mean – estimated value,
95% CI – credible interval defined as the 95% highest probability density interval.

−0.18) differed from zero. However, there was a significant difference
between the coefficients of Cycles 2 and 3 (mean 0.76, HPDI
0.37–1.15), indicating that Cycle 2 had higher M. vimineum cover than
Cycle 3, but that cover in Cycle 3 retuned to the levels seen in Cycle 1
and did not significantly differ from the cover observed pre-cull.
Taken together the results showed that after deer culling began
seedling densities increased in the park but the extent of this increase
varied from plot to plot, based in part on the percent cover of M.

Coefficient

Mean

95% CI

Gelman – Rubin diagnostic

Intercept
βCycle 2
ΒCycle 3
Shape
P0
σ

−2.05
0.57
−0.18
2.34
−0.55
1.90

−2.62 to −1.47
0.17–0.96
−0.60 to 0.23
1.93–2.74
−0.88 to −0.21
0.88–3.10

1.00
1.00
1.00
1.00
1.00
1.00

Fig. 5. Predicted number of seedlings per plot vs. M. vimineum cover. Seedlings are monitored on 12 1 m2 quadrats in each plot. Each line represents a sampling cycle.
The model indicates seedling density increased through time and with increasing M. vimineum cover.
5
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vimineum. Plots with a higher cover of M. vimineum had larger increases
in seedling density. M. vimineum initially increased in cover, but by the
2014–2017 monitoring cycle had returned to its pre-culling levels,
which coincided with smaller increases in seedling density compared to
the gains in the first four years after culling began.

reach the sapling stage (dbh > 1 cm, typically between 1.5 and 2.0 m
tall) and sapling density levels off or increases.
Recovery from overbrowsing can also be delayed by factors unrelated to deer. The seedlings that have established are from a wide
variety of species, but the majority are Fraxinus americana. In some
studies Fraxinus has been shown to dominate seedling communities,
particularly the smaller size classes (Boerner and Brinkman, 1996; de la
Cretaz and Kelty, 2002; Aronson and Handel, 2011). Fraxinus trees are
experiencing high mortality in the park due to infestation with emerald
ash borer (EAB - Agrilus planipennis Fairmaire), an exotic pest. Prior to
the outbreak of EAB, F. americana was a common canopy tree in the
park (Schmit et al., 2012b), and its regeneration would have been important for a sustainable forest. As seed bearing trees are eliminated
from the park, there will be no source of new seedlings. The population
of existing F. americana seedlings will be reduced by mortality so that
few if any of the F. americana seedlings will become canopy trees. Long
term canopy tree regeneration will be dependent on the minority of
seedlings that are from other canopy species.
Although we are unaware of any studies that quantify recovery time
in forests similar to that of Catoctin, the rate of recovery from overbrowsing seen in the park is similar to that seen in other forested
ecosystems. Long et al. (2007) note that recovery of some species may
be delayed for years until they have an abundant seed crop and recruit
significant numbers of seedlings. In studies of heavily browsed hemlock
forests in Wisconsin, USA (Anderson and Loucks, 1979; Anderson and
Katz, 1993), it took twelve years for exclosures to show recovery of
seedlings and twenty-seven years for saplings and small trees to recover. Anderson and Katz (1993) speculate that in regions with a long
history of over-browsing, tree recovery may take up to seventy years.
Tanentzap et al. (2009) found that even after forty years of deer management in a Nothofagus in forest New Zealand, compared to controls,
exclosures had more saplings particularly of more palatable trees species. After 12 years of deer management in deciduous forests in Ontario,
Canada (Tanentzap et al., 2011), the density of saplings < 2 cm dbh
had increased, but trees 2–12 cm DBH decreased, due to the legacy of
previous browse, and exclosures had significantly more tree regeneration than plots exposed to deer. Tree species sensitive to deer browse
only recovered in deer exclosures.
A variety of mechanisms may be responsible for the slow pace of
vegetation recovery seen in those studies. The mechanisms can include
not just recalcitrant understories, but also slow growth rates, a lack of
propagules of affected plant species, unfavorable abiotic conditions for
seedling establishment, and deer diet switching to browse-preferred
species and consuming their biomass faster than it is produced
(Tanentzap et al., 2012). These issues are even more pronounced
amongst herbaceous understory species that cannot grow large enough
to escape deer predation (Royo et al., 2010; Pendergast et al., 2016).
Continuing deer management will clearly be necessary if Catoctin
Mountain Park is to reach the goal of a sustainable, native and diverse
eastern hardwood forest. As recovery continues, managers will be able to
assess if additional management actions will be necessary in conjunction
with on-going deer management. Previous studies suggest that a reduction in browsing pressure alone may not restore all plant species.
Additional stressors to the forest, such as altered fire regimes, pests and
pathogens, exotic plants and climate change, could also impede recovery
of the forest. Responding to multiple stressors will be an ongoing challenge, requiring a broad program of monitoring and management. Our
results indicate that deer culling can be an effective tool in restoring tree
regeneration, but that success will require a long-term commitment.

4. Discussion
During the first eight years, the deer management program at
Catoctin Mountain Park has met with initial success. Deer density was
reduced to a level that allows an increase in tree seedling density, an
important first step in restoring native tree regeneration. Cover of the
exotic invasive M. vimineum initially increased during the first four years
of culling, but then decreased to the pre-cull level after 8 years of culling,
indicating that it may be not be able to dominate the understory without
high deer density. Webster et al. (2008) indicated that once a native
understory is able to pierce the M. vimineum layer, M. vimineum may be
further suppressed by the increased shading. While it is premature to
conclude that M. vimineum will continue to decline, it is worth noting
that other exotic plant species, such as Alliaria petiolata (garlic mustard),
undergo steep declines in deer exclosures and also may be dependent on
deer to maintain its population (Kalisz et al., 2014).
Once deer density was reduced, M. vimineum did not form a recalcitrant understory. Somewhat surprisingly, seedling density was higher
in areas of high M. vimineum cover. This is in contrast to studies that
found a negative effect of M. vimineum in the complete absence of deer
(Aronson and Handel, 2011; Johnson et al., 2015), and shows that even at
low densities, deer play an important role in structuring forest communities. These low deer density effects are not present in exclosures, which
limits their utility in predicting the outcome of management efforts.
Our study does not directly address the drivers of the seedling – M.
vimineum relationship. It may simply be that microhabitats that are
most favorable for M. vimineum are also favorable for seedlings, and
there is little interaction between species. However, it may be that M.
vimineum indirectly aids in seedling growth. Stange and Shea (1998)
studied a restoration project in which fabric mats were placed around
seedlings to prevent competition from other plants. Compared to controls, treated seedlings were more frequently browsed by white-tailed
deer and suffered higher mortality, likely because mats made them
more conspicuous. Johnson et al. (2015) found that the increase in
seedlings biomass when M. vimineum is removed is enhanced in exclosures, and concluded that M. vimineum provides protection to seedlings from deer outside exclosure. A similar mechanism could be at
work at Catoctin, where seedlings growing amongst M. vimineum may
be effectively camouflaged and avoid deer browse. This phenomenon of
deer avoiding palatable species when found in association with unpalatable species has been called associational resistance (Barbosa
et al., 2009). Tanentzap et al. (2012) reviewed several studies from
across the globe showing associational resistance and concluded that it
can lead to non-linear and spatially uneven rates of recovery that depend not just on deer density but also on the composition of the surrounding vegetation community.
Although the results of the deer management program are promising,
there has not yet been sufficient tree regeneration to sustain the native
forests in the park. Webster et al. (2018), in a discussion of the processes
controlling change in forest understories, emphasize that resilience in
plant populations depends on individuals successfully transitioning between life history stages. Due to the deer management, once seedlings
sprout they are able to reach the 15 cm height required to be detected by
our monitoring. However, few seedlings are making the transition from
seedling to sapling stage. Over the course of the study, our monitoring
indicates that sapling density dropped from 272 saplings/ha in the
2006–2009 pre-cull cycle to 205 saplings/ha in the 2014–2017 monitoring cycle. Few seedlings have grown over 30 cm in height (Fig. 3) and
none have grown over 1 m. Given the slow recruitment of seedlings into
height classes > 90 cm tall, we expect it will take many years before any
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